The hydrogen-rich envelopes accreted by white dwarf stars from their red dwarf companions 1 lead to thermonuclear runaways 2,3 observed as classical nova eruptions 4,5 peaking at 10 5-6 solar luminosities. Virtually all nova progenitors are novalike binaries exhibiting high rates of mass transfer to their white dwarfs before and after an eruption 6 . It is a puzzle that binaries indistinguishable from novalikes, but with much lower mass transfer rates 7 , and resulting dwarf nova outbursts 8 , coexist at the same orbital periods. Nova shells surrounding several dwarf novae [9] [10] [11] [12] demonstrate that at least some novae become dwarf novae between successive nova eruptions 13-14 , though the mechanisms and timescales governing mass transfer rate variations are poorly understood. Here we report simulations of the multi-Gyr evolution of novae which self-consistently model every eruption's thermonuclear runaway, mass and angular momentum losses, feedback due to irradiation and variable mass transfer, and orbital size and period changes. The simulations reproduce the observed wide range of mass transfer rates at a given orbital period, with large and cyclic changes in white dwarf -red dwarf binaries emerging on kyr -Myr timescales. They also demonstrate that deep hibernation -complete stoppage of mass transfer for long periods -occurs only in short-period binaries; that initially very different binaries converge to become nearly identical systems; that while almost all pre-novae should be novalike binaries, dwarf novae should also occasionally give rise to novae; and that the masses of white dwarfs decrease only slightly while their red dwarf companions are consumed. Mass and angular momentum transfer from the red dwarf to the white dwarf component of cataclysmic variable binary stars drive a rich variety of variability as well as the evolution of these systems 7 . Winds from the red dwarf and from the white dwarf's accretion disk 15 , and shells ejected during nova events 16 carry away much of the mass and angular momentum of cataclysmic variables over their multi-Gyr lifetimes. Most simulations to date of cataclysmic variable evolution over Gyr have assumed constant mass transfer rates between nova outbursts 5 and monotonically decreasing rates over Gyr of evolution 7 . However, nova eruptions subject red dwarfs to irradiation exceeding their own luminosity by factors of hundreds for decades, which should swell red dwarfs and increase mass transfer rates 17,18 . Mass ejected during nova eruptions should increase the separation between a cataclysmic variable's red dwarf and white dwarf 14 , decreasing the mass transfer rate. The timescales for these competing processes to significantly change the appearances
of cataclysmic variables are a century or longer, so existing observational baselines are too short to determine the relative importance of these feedback effects in driving these stars' evolution.
This work takes the evolution of cataclysmic variables one step further by implementing feedback between the red dwarf and white dwarf (see Methods) due to the effects noted above, over the entire, multi-Gyr evolution of cataclysmic variables. The key aim is to quantify mass transfer rates (̇) in these binaries throughout their lifetimes. We followed the self-consistent, continuous evolution of four cataclysmic variable models from their births until the donor mass was eroded down to the hydrogen-burning limit at 0.09 ⨀ . The red dwarfs were assumed to be unevolved when mass transfer began; evolved secondaries are known 19 and will be studied elsewhere. Every one of the thousands of nova eruptions that each binary underwent was simulated in great detail (see Methods).
The initial models are summarized in Table 1 . The white dwarf and red dwarf masses cover a significant region of cataclysmic variable parameter space and allow a systematic comparison between the evolution of different initial stellar mass combinations.
The onset of red dwarf to white dwarf mass transfer, immediately after a nova eruption, is the beginning of a nova cycle, while each cycle ends with a nova eruption yielding mass loss and luminosity decline. Our simulations show that the inclusion of feedback causes ̇ to vary by orders of magnitude during the accretion phase of each nova cycle, and that it experiences very large secular changes over thousands of cycles spanning several Gyr. Figure 1 presents the ̇ histories of nine nova cycles at different epochs during the multi-Gyr evolution of each model, illustrating the long and short-term trends of ̇ variation. During, and soon after a nova eruption the red dwarf is strongly irradiated by the white dwarf, enhancing Roche Lobe overflow and hence ̇ . ̇ then decreases over a few hundred to thousands of years, as the effect of the cooling white dwarf's irradiation diminishes. Eventually magnetic braking and gravitational radiation reverse the decreasing ̇ trend by decreasing the binary separation. Thus, irradiation-driven ̇ begins high at the start of each cycle, decreases relatively quickly, and then much more slowly and monotonically increases until the total amount of accreted mass is sufficient to trigger the next nova eruption. ̇ at the beginning of each nova cycle decreases monotonically throughout a binary's evolution. When the temporary effect of irradiation subsides after a nova eruption, ̇ is always lower than it was at the same stage of the previous cycle. Since a longer interval is needed in each successive cycle to reach the critical mass for a nova outburst, the time between consecutive nova eruptions increases as the evolution progresses.
The mass transfer rate at the beginning of a cycle is determined by the binary component masses and separation at that time. This is seen in Figure 1 by comparing two models when the red dwarf and white dwarf masses are the same, which occurs at different times in the two cases. Because of this, cataclysmic variables with similar initial white dwarf masses but different initial red dwarf masses converge to become nearly identical binaries 20 . This occurs as the mass of the initially more massive red dwarf decreases and approaches that of the initially less massive red dwarf. The mass transfer rates are always far too low to lead to nonexplosive hydrogen or helium burning, essential to grow any white dwarf to the Chandrasekhar limit and a type Ia supernova 21 . Such binaries are likely to require secondaries which have evolved beyond the main sequence before coming into contact with their Roche lobes.
In contrast, models with different white dwarf masses, but identical initial red dwarf masses experience entirely different histories. Comparing model 1 ( )* = 0.7 ⨀, -* = 0.45 ⨀ ) with model 3 ( )* = 1.0 ⨀ , -* = 0.45 ⨀ ) in Figure 1 , we see that the number of cycles required to erode the same initial red dwarf mass to 0.09 ⨀ is more than three times larger for the 1.0 ⨀ cataclysmic variable. This is because the accreted mass required for triggering a nova outburst is lower for more massive white dwarfs, hence more cycles are needed in order to remove the same amount of mass from the donor. In all four models the time until the red dwarf mass falls below the hydrogen-burning limit is a few times 10 M yr.
After each nova outburst ̇ decreases significantly, becoming less than ~10 23N23O ⨀ 23 for part of each cycle when the red dwarf masses are ≲ 0.3 ⨀ . Such binaries, with undetectably small ̇, would be classified as "detached" . They could easily be mistaken for "pre-cataclysmic variables", white dwarf -red dwarf binaries which have not yet come into contact. White dwarf -red dwarf binaries with undetectably low ̇ between nova eruptions are actually deeply "hibernating" cataclysmic variables 14 Because nova systems are only recognized when they erupt, the sharp increase in recurrence time with increasing binary age and decreasing red dwarf mass leads to strong observational biases, quantified in Figures 3 and 4 . During the past ~200 years, in which novae have been recognized and recorded, those with the shortest recurrence times are ~100 times more likely to have erupted than those with the longest recurrence times. This explains why most known novae are measured to have orbital periods longer than 3 hours (see Figure 3 and ref. 22 ), even though the lifetimes of cataclysmic variables at long periods are just a few percent of cataclysmic variable lifetimes (see Figure 4 ). This observational bias also explains why observed nova progenitors exhibit high and equal rates of mass transfer to their white dwarfs before and after an eruption 6 , despite the simulations' prediction (see Figure 1 ) that novae with low mass companions quickly become much fainter after a nova eruption than immediately before it. Such cataclysmic variables, with red dwarf masses of 0.3 ⨀ or less, have very small ̇ averaged over entire cycles, and thus they erupt very infrequently and are rarely detected. These rare novae erupt on white dwarfs accreting at rates as low as ~10 23S ⨀ 23 (see Figure 1 ), and they will exhibit dwarf nova eruptions in the years before a nova event 23 .
The self-consistent, feedback-dominated evolution of interacting white dwarf -red dwarf binaries that we have described here naturally explains the existence of a wide range of ̇ at all orbital periods. The simulations also demonstrate that white dwarf masses barely change while their red dwarf donors are almost entirely depleted. Binaries with similar initial white dwarf masses, but very different red dwarf masses evolve to become nearly identical. In addition, the models predict that cataclysmic variables with orbital periods longer than ~3 hr undergo only moderate ̇ variations and hence mild hibernation, appearing first as novalike binaries, then as dwarf novae, and again as novalike variables between nova eruptions. Their red dwarfs never lose contact with their Roche lobes, so that mass transfer in these longer period systems never ceases. Magnetic braking and gravitational radiation inexorably force the red dwarfs closer to their white dwarf companions, so that they increasingly overfill their Roche lobes and their ̇ values rise until they again appear as novalike binaries before the next nova eruption. Most of the mass needed to achieve a thermonuclear runaway on a white dwarf is accreted during the second high ̇ phase, explaining why novalike binaries are the immediate progenitors of most novae, even in short period cataclysmic variables.
The large majority of cataclysmic variables are shorter period systems, erupting only rarely as novae, and occasionally exhibiting dwarf nova eruptions beforehand. The simulations presented here predict that only these short period systems undergo very large decreases in ̇, and hence deep hibernation, appearing as detached binaries for much of the ~ millions of years between their nova eruptions. This distinction between long and short period cataclysmic binaries 24, 25 is an essential component of the unified theory of cataclysmic binaries presented here that emerges when numerical modeling includes the self-consistent feedback that dominates these systems' evolution.
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Methods

The computer codes and red dwarf models
The self-consistent simulations of novae were carried out by means of two originally independent codes that have been modified and combined. The first, a hydrostatic stellar evolution code 26 , was used to build a database of parameters of red dwarf donor stars with solar metallicity and masses -* ranging from just under -* = 0.10 ⨀ to -* = 0.7 ⨀ at intervals of 0.05 ⨀ . The code was run for each -* separately, beginning from the pre-MS stage, while recording, for each time step throughout evolution, the stellar parameters that are necessary to calculate the combined binary evolution: the stellar mass ( -* ), the stellar radius ( -* ), the effective temperature ( ]^^) , the stellar luminosity ( -* ), the surface layer density ( ab^) , the pressure scale height ( d ), the extent of convective zones, and the evolution time ( ).
This database of red dwarf models was used by the second code -a hydrodynamic Lagrangian nova evolution code 27,28,29 . The original nova evolution code (like all others in the literature) did not depend on or use the properties of the donor star. Instead, it assumed a constant rate of accretion (̇) that was not recalculated during the binary's evolution. To self-consistently model the simultaneous evolution of both stars the nova code was adapted to allow for a changing ̇ by recalculating the binary separation between nova cycles due to the change in the stars' masses that occurred in the previous cycle, and at each time step during the accretion phase, due to gravitational radiation and magnetic braking. The effect of enhanced irradiation on ̇ during the nova eruptions was taken into consideration as well.
Angular momentum, stellar separation and mass transfer rate calculations
During the accretion phase, at the end of each time step , the orbital angular momentum is:
(1) ( + ) = ( ) +̇j -+̇k l .
The changes due to gravitational radiation (j -) and due to magnetic braking (k l ) are 30 :
( When each nova eruption concludes, and just before accretion resumes, the white dwarf and red dwarf masses are updated and the resulting change in separation is implemented:
where Šnn and ]¥ are the accreted and ejected masses during the cycle that has just ended.
Effects of Irradiation
The mass transfer rate immediately following an eruption is corrected 17 to take account of irradiation of the donor by the high luminosity of the white dwarf during a nova eruption and its early decline.
The irradiation luminosity 17 is
where ©ªª ( )* ) is the white dwarf Eddington luminosity, representing the peak luminosity of the eruption. As a result of irradiation, the temperature in the outer layers of the irradiated red dwarf rises to ~¦ bb , given by 17
which is of the order of 5 × 10 R K. The consequent expansion fraction e of the irradiated red dwarf radius -*,¦bb is larger for smaller radii, and in the range 17 1-3 %.
The mass loss rate of the irradiated star immediately following an outburst is given by , where S is the period of time during which the star underwent enhanced irradiation, which is well approximated by the mass-loss time of the nova eruption 17 . This correction to ̇ is implemented at each time step; hundreds to thousands of years after a nova eruption it becomes negligible.
A simulation begins with given initial stellar masses MWD and MRD, separated by = -ˆ. Throughout the entire simulation of thousands of nova eruptions (and millions of timesteps for each binary) ̇ evolves as described above, with no external intervention.
The simulations' orders of magnitude cyclical changes in ̇ are the direct result of the selfconsistent and co-dependent, feedback-driven evolution of each star.
Physical Effects not included in simulations
Several mechanisms have been suggested as additional sinks of angular momentum from cataclysmic binaries: frictional angular momentum loss 14, 33, 34, 35 , consequential angular momentum loss 36 , magnetically coupled angular momentum loss 37 , and asymmetrical jets 37 . Frictional angular momentum loss is almost always negligible in size 33, 34, 35 , while consequential angular momentum loss is invoked ad hoc 36 to reconcile standard gravitational radiation and magnetic braking angular momentum loss rate prescriptions with the paths of red dwarfs in mass-radius relations. Magnetically coupled angular momentum loss 37 , and asymmetrical jets 37 were invoked to explain claimed (and very unexpected) orbital period decreases across nova eruptions. The models presented here form a baseline study incorporating only those mechanisms that are certain to be operative and important, and for which well-defined and quantitative theories exist. Thus none of the four extra angular momentum loss mechanisms noted above are included in the simulations of this paper.
